We present systematically ab-initio calculations for defect energies of 3d and 4sp impurities (ScGe) in Fe. The calculations are based on the Generalized-Gradient-Approximation in the density-functional formalism and the full-potential Korringa-Kohn-Rostoker (FPKKR) Green's function method. First we examine the distance dependence, from the 1st-to the 10th-neighbors, of the impurity-impurity (II; I = ScGe) interaction energies (E int ) and show that for most cases, the 1st-neighboring II interaction energies (E 1 int ) are dominant. We found that fundamental features of phase diagrams of Fe-based binary alloys, such as segregation, solid solution and order, known experimentally, may be classified by use of the sign and magnitude of E 1 int . Second we discuss the calculated results for the 1st-and 2nd-neighboring interaction energies of 3d and 4sp impurities with perturbed-angular-correlation (PAC)-probe Sn in Fe. The comparison of the calculated results with available experimental results shows that the observed attraction for SnCo, SnNi and SnCu may be understood by the 1st-neighboring interaction energies of these impurity pairs, while the obsreved repulsion for SnGa, and SnGe by the 2nd-neighboring interaction energies of these impurity pairs. We also discuss the magnetism of single impurities X (= ScCu) in Fe. The anti-parallel coupling to the bulk magnetization of the neighboring Fe atoms is stable for ScMn, while the parallel coupling for FeCu.
Introduction
The knowledge of the interactions of point defects in solids is indispensable for understanding of many basic physical processes, such as diffusion, short-range order and segregation. 1, 2) Most interesting, from technological point of view as well as fundamental point of view, are the interatomic interaction energies in alloys, which are essential for the understanding of phase diagrams. 3, 4) Ab-initio calculations based on the density-functional theory seem to provide accurate data of material properties such as bulk properties and defect properties and are expected to play an important role for material design. 57) We have shown that the full-potential Korringa-KohnRostoker (FPKKR) Green's function method for point defects, developed by Jülich group, combined with the generalized-gradient approximation, reproduces accurately the point-defect energies as well as the bulk properties of metals.
813) For example, the equilibrium lattice parameters, bulk moduli and monovacancy formation energies of elemental face-centered-cubic (fcc) and body-centered-cubic (bcc) metals LiAu are reproduced respectively, within the errors of 1, 10 and 10% for the experimental values. 8) We have also shown that fundamental features of the phase diagrams of H 1¹c I c (H = Nb, Mo, Pd, Ag (major element); I = ZrAg (minor element)) binary alloys, such as segregation, solid solution and order, known experimentally, may be understood by use of the sign and magnitude of the 1st-nearest neighboring impurityimpurity (II) interaction energies (E 1 int ) in H metals. 9) It is noted that the II interaction energies correspond to the 2-body interaction energies in the ab-initio real-space cluster expansion approach for the total energies of ordered and disordered alloys. 14) We have recently shown that the ab-initio real-space cluster expansion approach may be even quantitatively useful for the study of atomic structures and magnetism of alloys because the total energies of alloys may be reproduced very accurately by including only the low-order terms such as 2-body and 3-body interaction energies, although the 2-body interaction is fairly long-ranged. 14) For example, the band energy of Ni 2 MnAl is reproduced within the error of 1 mRy per atom, by our real-space cluster expansion, if the 2-body interaction up to the 10-th neighbors is included.
On the other hand, there are many experimental data for the metallic solid solutions which may be considered as systems mentioned above with high concentration of impurities. King presented the volume size-factors of 469 substitutional solid solutions, in a convenient and compressive form, which were calculated from the experimental lattice parameter data of solid solutions, available in the literature. 15) It is noted that the size-factor concept was applied to study the physical, chemical and mechanical properties of metallic solutions, although it treated the average change of the lattice parameter of metallic solid solutions. Scheuer et al. succeeded in determining the local lattice distortion by impurities, using the X-ray-absorption fine structure analysis.
16) The 1st-neighboring distances around impurities were determined for impurities in fcc (Al, Cu, Ni, Pd, Ag) and bcc (Fe, Nb, V) metals. The interaction energies between impurities of two solute elements in metals were also determined by the perturbedangular-correlation probe (PAC) experiments. Królas presented the accurate data for the interaction energies of impurities with PAC-probes (Rh, Pd, In, Sn, Sb) in fcc (Ni, Cu, Pd, Ag, Au), bcc (Fe) and hcp (Rh) metals. 17) We have already shown that the volume size factors of 3d and 4sp impurities (ScGe) in Fe, 18) and most cases of the interaction energies of impurities of PAC-probes (Rh, In, Sn, Sb) in Ag and Pd 19, 20) are reproduced very well by the present ab-initio calculations.
In the present paper we study systematically fundamental features of the defect energies of 3d and 4sp impurities in Fe, such as the interaction energies of II and Sn(PAC)-I (I = ScGe). In Sect. In Sect. 5 we show the calculated results of magnetism of 3d impurities in Fe. In Sect. 6, we summarize the main results of the present paper and discuss the future problems. In the present paper we show the calculated results without the lattice distortion. It is obvious that the lattice distortion effect becomes important when the atomic-size mismatch between host (Fe) and impurity (I = ScGe) elements is large. We are now executing the calculations with the lattice distortion effect for the 1st-neighboring II and SnI interaction energies in Fe. The calculated results will be published in the subsequent paper.
21)

Calculational Method
The calculations for the total energies of the point defect systems are based on the FPKKR Green's function method and the generalized-gradient approximation in the density functional formalism.
8) The advantage of the Green function method is that due to the introduction of the host Green's function, the embedding of point defects in an otherwise ideal crystal is described correctly, differently from the supercell and the cluster calculations. It is noted that although the potential perturbation due to the defects is localized in the vicinity of the defects, the change of the wave functions due to the defects is delocalized over the whole space, which causes a certain amount of error around finite boundaries in the supercell and the cluster calculations. The practical advantage in using the Green's function method is to exploit this short-range nature of the defect potential. For example, in order to obtain the accurate and converged total energy of the defect system without the lattice distortion effect, it is enough to redetermine selfconsistently only the potentials of the impurities and their neighboring potentials (up to the 1st (2nd)-neighbor of impurities in the case of fcc (bcc) structure), if the total energy change due to the perturbed wave functions over the infinite space is correctly evaluated by using the Lloyd's formula. The short-range nature of the defect potential has been discussed in Ref. 8) . In the present paper we calculate the interaction energies of impurity pairs from the 1st-to the 10th-neighbors, shown in Fig. 1 .
Here we give a definition of the interaction energies, indicating the 1st-neighboring interaction energy as an example. Figure 2 shows the 22-atom impurity cluster, being used for the 1st-neighboring BC interaction energy (E 1 int ) in the host A. The interaction energy between two defects B and C in the host A is defined as the total-energy difference between two states: (1) the final one where the two defects B and C are located at the 1st-neighboring sites 1 and 2 and (2) the initial one where both atoms are infinitely apart. For the latter case we have to perform two independent calculations, one with a single defect B on the site 1 and the other with C on the site 2, as discussed in Ref. 10 ). Thus, the interaction energy E int is given by
AA where E XY represents the total energy of the system with the XY pair in the center of the impurity cluster and ÁE XY is the excess energy with respect to the energy of the ideal A crystal. All the energies E XY 's are calculated using the same impurity 22-atom cluster which includes the 1st-and the 2nd-neighboring host-sites adjacent to the impurity sites.
Calculated Results for Impurity-Impurity Interaction Energies in Fe and Phase Diagram of Fe-Based Alloys
We discuss the calculated results for the II (I = ScGe) interaction energies (E int ) in Fe. Figure 3 shows the distance dependence from the 1st-to the 10th-neighbors. Positive values mean repulsive interactions between the impurities, while negative ones attractive interactions. It is seen that the 1st-neighboring interactions (E Table 1) correspond to E 1 int $ 0 because the difference between individual characters of the host and impurity elements is very small, leading to the random distribution of impurities in the host metals. Table 1 Observed structures for Fe-based binary alloys FeI (I = ScGe).
O and H represent ordered compounds, homogeneous solid solutions, respectively. S* corresponds to segregation at low temperatures and disorder at high temperatures. Table 1) correspond to E 1 int $ À0:1 eV (small attraction between impurities) because the impurities attract each other at low temperatures (segregation of impurities) and become disordered at high temperatures, due to the increase of the configurational entropy effect. 1 eV) correspond to the segregation at low temperatures and disorder at high temperatures (S*). For I = V and Cr, the values of E int may be a little bit large in order to explain the experimental results (H). We believe that the present large positive values may be reduced by the distortion effect because the 3d orbitals of ScCr are delocalized. For I = Ga and Ge, the large positive values of E int correspond to the ordered structures (O). Our calculated results in which no large negative value exists in E int 's also agree with the experimental results that segregations up to high temperatures have not been observed for all impurities (ScGe) in Fe, considered here. We are now executing the calculations with the distortion effect, 22, 23) in order to study the distortion effect due to the atomic-size difference of impurities with Fe (host) atom.
Impurity Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge Type O O H H H ® H H S* S* O O (3) Segregation at low temperatures (¯1000 K) and disorder at high temperatures (²1000 K) (S* in
Calculated Results for Interaction Energies of 3d and
4sp Impurities with Perturbed-Angular-Correlation Probe Sn in Fe Figure 5 and Table 2 show the calculated results for the interaction energies of the 1st-and the 2nd-neighboring impurities with PAC-probe Sn in Fe. The available experimental results 17) are also shown. We believe that the distinction of the impurity sites around a PAC-probe Sn may be difficult experimentally because the distance and coordination number of the 1st-neighboring sites in bcc structure are close to those of the 2nd-neighboring sites. According to the present calculations, the 1st-neigboring interaction with Sn is attractive for Co, Ni and Cu, while repulsive for the other impurities. It is noted that the repulsion for Ga and Ge is very strong. On the other hand the 2nd-neighhboring interaction with Sn is repulsive for all impurities considered here, although the repulsion is not strong. The calculated results for the 1st-neighboring Co, Ni, Cu and Zn around Sn agree well with the experimental results (attraction for Co, Ni, Cu and repulsion for Zn), as listed in Table 2 . On the other hand, the calculated results for the 2nd-neighboring Ga and Ge with Sn agree very well with the experimental results (weak repulsion). We believe that the Ga and Ge are located on the 2nd-neighboring positions around PAC-probe Sn in Fe because of the strong repulsion for the 1st-neighboring positions around Sn, shown by the present calculations. We are now studying the lattice distortion effect which may be important for the 1st-neighboring interaction between two large atoms, such as SnX (X = ScCr, Ga, Ge). 21) 
Magnetism of 3d Impurities in Fe
Figure 6(a) shows the calculated results for local magnetic moments (MMs) for 3d impurities in Fe. The calculations Fig. 4 The calculated 1st-neighboring interaction energies between two identical impurities (ScGe) in Fe. Fig. 5 The calculated 1st-and 2nd-neighboring interaction energies of 3d and 4sp impurities (ScGe) with Sn PAC-probe in Fe. The available experimental results are also shown. were performed for 3d impurities of non-integer nuclear charge Z. It is known that the concentration dependence of magnetism of 3d metallic alloys may be understood by considering the 3d electron numbers per atom. 24) In the present single impurity systems, we can simply treat the concentration dependence of Fe 1¹c I c by considering the noninteger nuclear charge of impurities (Z = (1 ¹ c)Z Fe + cZ I ), being the concentration average of the nuclear charges of Fe and I elements. We found that the anti-parallel (AP) coupling to the bulk magnetization of Fe atoms is stable for Z < 25.063, while the parallel (P) coupling for Z > 25.063. Around Z = 25.063, the total energies are almost the same for the states of AP and P to the bulk magnetization. These results may be understood easily by considering that, for the impurity systems of the half-filled d bands, the antiferromagnetism is stable compared with the ferromagnetism, as shown for 3d impurities in Co, Ni and Cu. 12, 25, 26) We also found that there are two solutions for Z = 25.06125.110. The magnetic moments of two solutions (AF and F) and the energy differences for Z = 25.06125.07 are shown in Fig. 6(b) .
Summary and Discussions
We have presented the calculated results for the interaction energies of II and SnI (I = 3d and 4sp impurities) pairs in Fe. For II interactions, we studied the distance dependence. We found that the 1st-neighboring interaction energies are dominant for most cases, although the interactions are long ranged. We have shown that the fundamental features of the phase diagrams of the binary alloys of the host and impurity elements, known experimentally, are understood by the sign and magnitude of the 1st-neighboring II interaction energies, although the distortion effect may be quantitatively important at the boundary region between ordered (O) and homogeneous (H) states such as for I = V and Cr.
For SnI interactions, we have shown the 1st-and the 2nd-neighboring interaction energies and compared them with the available PAC experimental results; the attractive interaction energies for I = Co, Ni and Cu, and the repulsive interaction energy for I = Zn are reproduced very well by the calculated 1st-neighboring interaction energies while the repulsive interaction energy for I = Ga and Ge by the 2nd-neighboring interaction energies. The present calculations predict that Ga and Ge impurities never exist at the 1st-neighboring positions around Sn because the calculated 1st-neighboring interaction energies for I = Ga and Ge are strongly repulsive.
We are now executing the calculations with the distortion effect for the defect energies of 3d and 4sp impurities in Fe. We have already finished the calculations for the lattice relaxation around the single impurities in Fe and reproduced the available experimental results for the relative volume changes per impurity.
18) The calculated results for the distortion effect for the II and SnI interaction energies in Fe will be published in the subsequent paper. 
